INTRODUCTION
The replication of bacterial cell wall must normally be a manifestation of bacterial growth, and its appearance as a physical entity may be considered as a terminal event in a series of biosyntheses and polymerizations. It is the event most accessible to direct observations at the cellular level. The other processes which together constitute growth are not readily apparent, save by procedures which measure such aggregate phenomena as increases in mass, in protein, in deoxyribonucleic acid, in ribonucleic acid, or in number of individual organisms.
Aside from its usefulness as an indicator of growth, the bacterial wall is of intrinsic theoretical and practical interest. It maintains the organism against pressure changes, and its components or surface layers protect in various ways against attack by other organisms or against other noxious environmental influences. The manner and regularity of its replication determine the size and shape of the bacterial cellcharacteristics of some value in identification and taxonomy. Interference with the replicative process, however indirectly (as by various antibiotics), can vastly alter shape or size, or even determine the presence or absence of wall itself. However, the manner by which bacterial cell walls "grow"-that is, increase in length, girth, or mass-is largely unknown. Certain requirements of polymerization and chemical linkage can be inferred from the increasing volume of 1 A contribution to the symposium "The Fine Structure and Replication of Bacteria and Their Parts," held at the Annual Meeting of the American Society for Microbiology, Washington, D.C., 6 M\ay 1964, with Roger AI. Cole as convener and Consultant Editor. data on the chemical nature and biosynthesis of the cell wall (64) ; but, the gross mode of replication, observable at what may be termed a "supramolecular" level, has not been clear. To be sure, speculations on the subject have been abundant, but studies have been based on observations of stained cell walls (5-9), on photographic superimposition (2) , on the use of cytoplasmic markers which may shift position (85) , on the regeneration of flagella and their distribution among the daughter cells (67, 68) , or on the distribution of radioactive cell-wall label among the progeny (83) .
None of these procedures has the advantage of direct, visually observable timed labeling of the cell wall. The best approach would be one by which existing wall of the living bacterium could be marked at a given time by a visible label which would not interfere with cell growth and division, and by which label would not be subsequently partitioned nonspecifically or randomly between old and new walls. These requirements for distinguishing between old and new wall appear to be met by the application of specific immunofluorescence to living bacteria and fungi. Such a modification of the fluorescent-antibody technique of Coons and his co-workers (20, 21) seemed possible after successful application of fluorescein-labeled specific antisera to a variety of bacteria for diagnostic purposes (23, 57, 58, 78) ; it was first utilized almost simultaneously by J. J. Hahn and myself in this laboratory (18) and, unknown to us, by J. W. May in Western Australia (55) . The findings resulting from these and a few later studies are as yet limited, but have stimulated a new look at orthodox concepts of cell-wall replication. I propose here to discuss the findings and my interpretation of their pos-sible significance in relation to knowledge of bacteria] growth, replication, and cell-wall synthesis obtained by other methods. METHODS The technical procedures of preparation of fluorescein-labeled antibody globulins and their applications in studying cell-wall replication have been published (14-16, 18, 35, 55, 56, 70) . In brief, antibody globulin (preferably, globulin specific for a characterized known antigen), capable of reacting with a cell-wall component, is labeled by standard methods (48, 53) with an appropriate fluorochrome-usually fluorescein because of its favorable emission and high ratio of fluorochrome to protein molecules (60) . After variable periods of exposure to the labeled antibody, the bacteria are removed from its influence and allowed to grow during continued incubation. The simplest way of doing this is to wash the organisms free from unbound antibody and to reincubate them in fresh medium; this medium may be entirely free from antibody, or it may contain the same antibody, unlabeled, to control the possibility of any "leakage" of bound labeled antibody to uncovered antigen-receptor sites.
An alternative method is to add an excess of the antigen (if known and available), which precipitates unbound labeled antibody; incubation is then continued in the same medium. A third method utilizes the addition of an excess of the same antibody, unlabeled; it competes successfully with the labeled globulin for the new antigenic sites (34) .
The result, in each instance after such procedures, is that wall formed in the absence or unavailability of free labeled antibody will be nonfluorescent when the bacteria are examined microscopically by properly filtered untraviolet illumination. Old wall, conversely, is brilliantly fluorescent because of its retention of the labeled antibody by firm specific binding. (84) -by which whatever antibody is bound to the cell wall is always unlabeled and is made visible only by application of appropriate species-specific fluorescein-labeled antiglobulin.
Regardless of the variations in immunofluorescence method used, samples are removed at appropriate intervals during reincubation, and are washed; smears (mounted in alkaline-buffered glycerol) are then made for microscopy. One can thus observe a sequence of events in cell-wall growth by comparing the relative size and position of fluorescent and nonfluorescent (i.e., old and new, respectively) portions of cell walls on successive samples of the cell populations as time progresses. Advantages Immunofluorescence has clear advantages over any other method in the study of cell walls and their replication. Chief of these is its property of applying a specific label to the wall of a living cell. Previous studies reviewed by Nairn (60) have shown that labeling of antibody globulin with a fluorochrome does not interfere with its specific binding to antigen. The specificity is of importance in comparing replication of different antigenic components of the same wall or cell surface, as well as in assuring that one is actually following replication of a component of the particular cell surface. The presence of labeled antibody does not prevent nor seemingly alter normal growth (16, 18) , provided fresh complement or perhaps other serum components are not present also (59) . By removal of the microorganisms from labeled antibody, followed by subsequent growth, a clear differentiation of old and new wall can be achieved. Limitations On the other hand, the immunofluorescence method is not without limitations. For example, the theoretical possibility of following a sequence of events in the labeled wall of a single cell is prevented by several factors. These include (i) the progressive quenching of fluorescence proportional to the total exposure to ultraviolet light (10, 60, 66) , with resultant marked loss of observable fluorescence intensity; (ii) decreased initial fluorescence in a growth medium which may be incorrectly buffered for fluorescence, or is of a nonoptimal refractive index; and (iii) the indirect effect of ultraviolet light-even of the filtered wavelengths used-which effectively seems to prevent most bacterial growth within reasonable periods of observation, even though not necessarily killing the organism.
Most important, however, is an assumption inherent in the use of immunofluorescence to 327 V0OL. 29, 1965 on January 11, 2018 by guest http://mmbr.asm.org/ Downloaded from BACTERIOL. REV. follow cell-wall replication. The assumption is that all constituents of the wall, including both the basal portion (mucopeptide) and the special structures (antigens, chiefly), are replicated essentially simultaneously and at the same sites.
[These useful terms were introduced by Work (86) .] Although this assumption may prove to be incorrect, it is essential for working purposes at present because antibodies are known only to the special structure of the wall. Antibody specific for mucopeptide of bacterial cell walls has not been reported; of course, such a label would be most desirable should mucopeptide prove to be antigenic, because it could be applied to the basic rigid structure about which most is known and which is synonymous with "cell wall" in the thinking of many investigators, if not by definition.
The nature of the binding between mucopeptide and the antigens of the special structure of the wall may be a factor in consideration of the above assumption. In some instances, such binding is believed to be covalent; but, in most, the nature of the linkage is unknown (19 I should like to illustrate these details with examples from the studies made in this laboratory, and from those reported in the literature.
In Streptococcus pyogenes, in log-phase culture, new wall and cross-wall formation seems to be initiated together along an equatorial ring (18) . Cross wall grows centripetally and peripheral wall appears to replicate simultaneously; the future new hemispheres of the "daughter" cocci are thus initiated back-to-back. As growth proceeds, the old fluorescently marked hemispheres of wall are progressively pushed farther apart in the chain, although the convex surfaces of neighboring cocci remain back-to-back also. The resultant fluorescence picture ( Fig. 1 ) in an intact chain is one of a line of fluorescent "X's" terminated at each end by a fluorescent "C." The distance between X's increases with time of incubation, normally doubling with each cell generation. A rapid superimposition of divisions, however, as in log-phase culture, often results in initiation of new equatorial sites of wall and cross-wall formation before completion of the previous cross wall. Thus, two (or rarely more) sites of activity per cell may be seen simultaneously by electron microscopy (Fig. 2 ). In the rapidly growing exponential cultures, the timing of withdrawal of the fluorescent antibody is often such that cells are in the stage shown in Fig. 2 . When further growth takes place in the secondary sites, there is resultant segregation of a narrow ring of old wall, which then appears as a thin fluorescent bar (Fig. ic, d , e; Fig. 3 ).
This immunofluorescence picture was seen in S. pyogenes regardless of whether the labeled antibody was specific for the type-specific M protein (a trypsin-sensitive surface or "microcapsular" antigen) or for the group-specific C polysaccharide, which is considered to be an in- tegral component of the cell wall. The similar behavior of these two antigens as replication markers, even though they are of different lability and cell-wall location, is pertinent to the discussion to follow concerning the simultaneity of replication of various cell-wall and surface components.
The details of the growth process, however, are obscure and cannot be obtained through immunofluorescence because of limits of resolution by optical microscopy. One hypothesis may be that cross-wall ingrowth is a "curving" process which is therefore contiguous with growth of peripheral wall; this possibility is that suggested by the limited view seen by immunofluorescence, and is pictured in Fig. 3 . On the other hand, it may be more likely that the cross wall develops from the equatorial periphery as a perpendicular ingrowth which closes in true diaphragmmatic fashion while peripheral wall elongates separately. This latter sort of direct "septal" ingrowth seems to be true in many rod-shaped bacteria and is suggested by electron micrographs of rapidly growing streptococci. Rounding of the new hemispheres may result from pressure of the augmented cell content on new wall that is still plastic; whether this occurs gradually as growth continues, or after replication of the cross wall is complete, is a matter for more speculation. Under such circumstances, a differential growth of wall leading to curvature need not be postulated.
Regardless of which mechanism may be correct, the observations suggest that cell-wall replication in streptococci is initiated equatorially and that cross-wall and peripheral wall are normally formed concomitantly. Whether these processes simply coincide in time and are really separately controlled, or whether they are actually different aspects of the same process, cannot be answered at present. Studies on filament (14) . The photographs published by these investigators show the appearance in B. cereus of discrete nonfluorescent gaps near the poles. As time of incubation in the absence of labeled antibody increases, there is a progressive division of the elongating cell into alternating fluorescent and nonfluorescent segments (Fig. 4) (54) , or "uniform dispersion" (56) . In contrast, the mode of wall replication in streptococci is characterized by a "conservative partition" or a "bipolar conservation" (56) investigation, however, it is now apparent that the distinction is not completely valid, for mesosomes have been described even in E. coli (45, 46) . It seems, nevertheless, that they are rare under normal conditions of growth in enterobacteria, whereas they are abundant and readily demonstrated in many gram-positive microorganisms, including streptococci (Fig. 9, 10) . The physical relation of these organelles to the developing cross wall in gram-positive bacteria has long been noted, leading to the frequent suggestion that they may be concerned with the laying down of cell wall (41, 72 If such a system were operative, one might expect it to apply not only to replication of the basal mucopeptide, but also to formation of the special structure of the wall and of the more superficial layers as well. The question is, therefore: Are, or are not, all wall components and superficial layers laid down at essentially the same time at the current site of activity? Rogers has suggested that "Biosynthetic pathways may be so interlinked that all polymers present in the wall may have to be synthesized simultaneously" (69) .
Based on work with immunofluorescence and streptococcal M protein done in our laboratory several years ago (36) , I have felt that the biosynthesis of several polymers may indeed be simultaneous. In brief, we found that M protein, which is a microcapsule (Fig. 11) and readily stripped from the living cell by trypsin, is not resynthesized over the entire coccal surface. Instead, it appears anew only at the equatorial sites which we have demonstrated to be the places of initiation of new wall and cross-wall formation. In Fig. 12b , the new M is seen in these sites, after staining of the preparation on the slide with fluorescein-labeled type-specific antibody. With increasing time of incubation, the new M occupies more and more of the new hemisphere of each progeny cell, presumptively as more and more new wall is formed as a result of normal growth (Fig. 12c, d, (30) , or in the presence of penicillin or similarly acting antibiotics reported by Brock (11) . There is no assurance from the latter study that the difference between growth-inhibitory (measured turbidimetrically in a complete medium) and M-inhibitory ( cient to be rapidly bactericidal by weakening the mucopeptide to the point of osmotic lysis. The sensitivity of the immunofluorescence method is such that it can detect small amounts of growth of wall which cannot be checked by other techniques. The insensitivity of turbidimetry seems well known, although its precise limits are difficult to define; its variation with changes in cell density has been often remarked (4) .
Other interpretations of the localized "reappearance" of M protein are possible. It may be, for example, that trypsin somehow alters wall permeability, so that M is extruded, so to speak, only where wall is newest and perhaps transitorily different. Or perhaps the wall is altered so that M, though produced throughout, does not remain on old (trypsin-treated) wall surface as a detectable microcapsule. The presence of cell wall is not necessary to M protein production, of course, for it has been found in L-form growth by Freimer et al. (31) and Karakawa et al. (44) and may exist as a precursor or intracellular form as suggested by Fox (29) . My present hypothesis, however, is that, normally, M protein appearance as a microcapsule on the cell surface is concomitant with cell-wall growth, and that this protein is not really resynthesized by truly resting cells (e.g., cells without growth in any degree). It would be of intense interest to study other systems in a similar manner, if a surface antigen could be stripped from the living cell and then made to reappear. Such systems probably exist in capsulated organisms such as pneumococci and Klebsiella. Capsular "regeneration" in an unclassified organism, in which new capsule seemingly reappeared over the entire surface of the organism, was recently described by Juni and Heym (43) , but there were therein no concomitant studies to rule out limited growth of the presumptively resting cells.
On the other hand, it is possible that mechanisms may exist for the addition of capsular or cell-wall components in an abnormal fashion, apart from the usual relation to normal cell-wall growth. A possible example is the increase in cell-wall nitrogen and rhamnose of S. faecalis when the organisms are deprived of valine or threonine (73, 74, 76) or when chloramphenicol is added (75) . Under these conditions, there was no net increase in protein, although there was an increase in turbidity and the walls were shown to be thicker by electron microscopy (3, 74, 75) .
[Synthesis of cell-wall components has been demonstrated during inhibition of protein synthesis by chloramphenicol (13, 37, 52) and tetracycline (39) . Under the latter conditions, no transverse septa (cross walls) were seen and the walls were thicker than normal (38) .] The pertinent question, however, is whether the thickening took place uniformly over the entire coccal periphery. If it did, the situation appears incompatible with the idea that new wall components can be added only as a result of new growth at a mesosomally controlled transitory site.
Some explanations for the situation in S. faecalis are discussed more fully by Shockman elsewhere in this symposium. One possibility is unbalanced growth, leading, in effect, to a superimposition of sites of wall-component addition (see Fig. 9B of Shockman, p. 355). Even should this occur, however, the result would be thickening of only a part of the wall, and not over the old coccal hemispheres. The electron-microscopic observations seem to indicate a uniform thickening, although thickness variations have been noted (75) without reference to their frequency or significance. In addition, it is not unlikely that a limited amount of cell-wall growth occurred and completed the division of some cells in the population. This could have accounted in part for the turbidity increase, but was not checked by colony counts.
The data are at present inadequate to determine the details of the wall-thickening phenomenon, and cannot, therefore, contribute to or detract from a concept of mesosomal control of cell-wall and surface antigen synthesis only at sites of new growth. The suggestion, however, of Toennies et al. (79) that synthesis of additional membrane may accompany maximal cell-wall synthesis leads one to continued consideration of the role of the bacterial membranous organelle, and points to the need for electron microscopy of ultrathin sections of S. faecalis undergoing the wall-thickening phenomenon.
Another aspect of cell-growth which is of particular interest is that of filament formation in rod-shaped bacteria. Filaments are usually not divided by cross walls and do not appear septate, although plasmyolysis may sometimes demonstrate that they are. They can be induced in both gram-positive and gram-negative bacteria by such diverse conditions as extreme temperatures of incubation, alteration of pH, vitamin deficiencies, folic acid analogues, some pyrimidines, some antibiotics, decreased surface tension, increased hydrostatic pressures, irradiation (both ultraviolet and gamma), and metal-ion deficiencies or excesses (references in 22, 51, 87). There is recent evidence that the capacity to form nonseptate filaments after exposure to ionizing radiation may be genetically controlled in E. coli (1) . In some organisms, restoration of normal environmental conditions results in rapid division (e.g., cross-wall formation or completion, or both) throughout the length of the filament 340 COLE on January 11, 2018 by guest http://mmbr.asm.org/ Downloaded from BACTERIAL CELL-WALL REPLICATION (77) . Regardless of the nature of filament induction, all findings suggest strongly that the formation of peripheral wall is distinct from, and can proceed apart from, the process of division by cross-wall formation, even though the two processes may normally proceed together.
The existence of two processes, apparently separately controlled, complicates interpretation of cell-wall replication, particularly in relation to the assumption of mesosome participation. It may be that mesosomes, apart from suggested relations to nucleoid separation (26, 42) , are concerned with formation of cross wall only, and that peripheral wall is formed under control of some other organelle or process. It is pertinent in this respect to note the report of Pontieri and Schiano (65); they observed that redox-active granules, normally seen at the poles and crosswall regions of B. megaterium, are absent in "non-septate" filaments produced by growth in the presence of urethane, and pointed out their belief that " ..
. these are the growing points associated with the development of the crosswall...." It is probable that these granules represent the basophilic granules noted by Knaysi (49) and the "peripheral bodies" of Chapman and Hillier (12) , which are now recognized as mesosomes. The activity of these membranous organelles in reducing tetrazolium and tellurium salts, leading to their consideration as "mitochondrial equivalents," has been verified by electron microscopy (32, 63, 80, 82) . There is yet no evidence in bacteria for any other parallel to that suggested by Nickerson for yeasts, in which mitochondrial particulates containing protein disulfide reductase act as specific nongenetic units to control a rate-limiting process in cellular division (61, 62) . However, the close physical association of mesosomes with the septum or cross wall, and of this in turn with the site of initiation of all new wall formation in Streptococcus, for example, suggests that the two processes are normally closely related, if not interdependent, in bacteria showing discrete partition of the immunofluorescent label. This impression is enhanced by reports by Landman and Ryter (50, 71) and Fitz-James (25) Fig. 2, 9 , 10, and 11, which are previously unpublished electron micrographs.
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